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Introduction

Flavor (at least this talk):

Properties of elementary particles that contain
strange, charm or bottom quarks,
1.e., different flavors

Particularly interested in (at least this talk):

Transitions that change flavor

Flavor?: In the absence of weak interactions
(in the SM context: in the limit g» = 0)
there 1s a conserved quantum number for each of u, d, s, ¢, b, ¢

U1)y xU1)gxU(1)g xU(1)e x U(1)y x U(1)4

This is a sufficiently good symmetry that we can classify teh spectrum of elementary
particles by it — approximately.

It is sufficiently good because the weak interactions are weak.



Weak interactions are weak not because g2 1s small
but because the mediators, W and Z, are heavy compared to m, < ... <my

Top 1s heavy: weak interactions are not weak

Flavor of top is still flavor and interesting, but not part of this talk

Weak interaction rates are weak: suppressed by at least

E \* _
( M—W) <GFmb ~ 10 7

Excellent approximation: lowest order perturbation theory in weak interatcions



EFT - Effective Field Theory

Hierarchy of scales FE << My < Anp

Assume New Physics (NP) is “heavy” and separates: L = Lqym + Lnp

At low energies (myp or below) L = £QCD+EM T E%\f}: + EeNf%

Generically:

2
£t = 2 _co() L5, =
WM,

1

12 C0(z)
NP

e Heavy degrees of freedom (W/Z, top, NP heavy particles) “integrated out”

e Coefficients C

e are process independent

e include short distance QCD effects (“corrections™)

e dominant QCD effect in large logs, eg, In(u/Mw), re-summed by RG methods

Operators O(x)

e organized by dimension; here dim = 6

e NP may introduce same or new O’s

Caveat: NP with light states



Flavor and Premsmn
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Generic amplitude

e Want Gr, CKMs, C
e Disentangle: Need several measurements
e Compute:
e Coefficients C: in SM, in terms of other parameters
e Obtain other parameters elsewhere (eg, ms, os, from Y mass)
e Matrix elements
e Process dependent
e Non-perturbative



Interlude:

At this point it 1s standard to say...
then we use the lattice results to get non-perturbative matrix elements

... and we carry on blindly

2¢:

e Lattice results: often useful, downright of central importance
e Lattice results limited:
e Few particles (2- and 3-point functions ok, 4-pt barely)
e Small region of phase space in form factors
e Difficult: phases
» Hard to impossible: Non-local operators / d*e T(H(z)H(0))
e Harder(?) to Impossible: inclusive rates

End interlude



Precision: strategies I

“Clean” observables

Observable independent of matrix elements

Examples:
1. CP asymmetries in mixing/decay (Bigit+Sanda)
review: F(Bopo (1) =) =T (Bop, (£) - ) I #|B%
A )= phys _phys _ — ]
() = By (1) 1)+ By (1) Ty dePendson — Ar=" 5 70 goy

If H=H>""+ 1T gatisfies (CPYHAP=YHCP)T = exp(—ia)HAB=L

cp sin(2p) = sin(20,) &8
and =xf then Pf = T exp(ia) » ; : #70w10%
' J
(BG, London+Peccei) ALEPH . 0.84
Caveat: H = fC’treeOtree + floloopOloop + h.c. E‘;\;ﬂji) ::::C ‘ I
W & ( ) (g’) <f|0100p0100p‘B>) F(-’:‘[i)lfc 072005 (2000) gt 07954
pr= 4 (1+2dm{ = LHCb G !
b g f* 5 <f’0treeOtree’B> Ff;“-‘ff;‘ . N
fi Moral: Still need matrix elements | W : : . |
o (if only to bound errors) 2 . 0 ' 2 3




2. Lepton Universality Violation

:5? 1.0 - e -
: Y * o
*k -
Ry. — Br(B — K*uu) 0sf 1
*o— -
Br(B — K*ee) “,,;—F + b
s ® 1
[ 1P |
VaF Y CDH .
F LHCb v
(1 [ Ll o | L id PN T T 1 1 1
) ] 2 | ) O
q- [( i("\'".‘,"f"’:

ImnSM: Rg+=1 for me=my,

Caveat: Actually e 7 ™M "

Corrections: phase space — near endpoint

. . my, — Me
Flgure of merit % Bordone et al 1605.07633
Ey
. 87 .
Colinear/soft — 1n2(mﬂ /me) ~ 7% need re-summing
T

Caveat redux: Hadronic contributions important near endpoint
8. B - K*r — K*ete v

B — K*(m,n) — K*{T0 "~
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1\
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q* (Gel?)



Lesson #1: “Clean” observables require cleaning up after them




Precision: strategies II

Inclusive observables

If sufficiently inclusive, perturbation theory (unconfined quarks) can be used

(aka, quark-hadron duality — a la Blook-Gilman, PQW)

og(eTe™ — all)
olete” — utu~)

1. Textbook example: R =

PQW, PRD13(1976)1958
T T T T T T T
I I | | | (a) 7
a
8+ —
B 7] 1 L L 1 I 1
I “10 15 20 25 30 35 40
6 I { — s (Gev?)
L N
L Ik | ; NI ¥ ] FIG. 10. Model with five quark flavors, charge % for
“ l 1 i[\ - { additional quark, and nondegenerate fourth and fifth
4 e _ flavors.
[ T T T T T T T
B n 5 4
R
2t ¢ n 4 .
i “fit by eye” ]|
3 4
——— DATA
o) ] ] | l l s MODEL
2 3 4 5 6 7 8 24 -
W ( GeV ) L 1 1 1 1 1 1
10 15 20 25 30 35 40
s (Gev?)

FIG. 14. The model of Fig. 10 with an additional
heavy lepton, m; =1.7 GeV.



We understand why this works:

_ A [ R(s")
« P99 R A e d /
Smearing (s, A) - /0 S (7 — 52 1 A2 i
M v
1 [ R(s o g
Dispersion relation H(Z) = — / ds ( ) I k I
™ Jo < — S

= 2iR(s,A) = TI(s + iA) — (s — iA)
That the self-energy can be computed is understood from OPE

/ d*z e T(J(x)J(0)) = Z q "cn,Op valid in the “Deep Euclidean” region
and O; = 1 dominates

Caveats:

e Finite order in perturbative coefficients (with RG re-sumation
e Integral over s goes to infinity
e “Deep Euclidean” is s 4= 1A with A — oo
but we take A large enough that it smears resonances
e Sub-leading operators




Closer to home examples:
2. Inclusive semileptonic decays: I'(B — X lv)

e Rate proportional to |Vep|?, used in CKM determination
 Dispersion relation, need >1 integrated kinematic variable: dI'/dEj,
e Moments of kinematic distributions: more inclusive

e Expansion in A/myp; corrections first at (A/my )?

e Coeftficients of OPE: perturbative in a5 . Double expansion:

D=0 4 e 4 (2)° T

Chay, BG, Georgi, PLB247(1990)399
Bigi et al, PRL71(1993)496

Bigi et al, PLB323(1994)408
Manohar+Wise, PRD49(1994)1310
Trott, PRD70(2004)073003

Bauer et al, PRD70(2004) 094017

2 2 _
+ (PO 4 2r®) 5 4 (1Y) + 2275)) £ W2 = —(Blb(iD. )| B)
(0) p3, (0) p < e = —(B[p(iD"!)(iD" )o,.,,b| B)
Recent fits: 1 my i FLSm—“Z’ L
e Six parameters: my, ., :u727,G7 P%, LS l‘ﬁ B By |

¢ Includes corrections:
e Atorder (mp): o
e Atorder (mp)?: as

entrics / 80 MeV/ic

200

Alberti et al, PRL114(2015)061802
my' " M(3GeV) pi  ph  pE&  pis BRew 107V
4.553 0.987  0.465 0.170 0.332 -0.150 10.65 42.21
0.020 0.013  0.068 0.038 0.062 0.096 0.16 0.78

Gambino+Schwanda, PRD89 (2014) 014022
ki 2 3 3 o7y 3 1Y/
my"t Mg [T P e Pis BRen(%)  10° |V

4541 0.987 0.414 0.154 0.340 -0.147 10.65 42.42
0.023 0.013 0.078 0.045 0.066 0.098 0.16 0.86
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3. Inclusive semileptonic decays: I'(B — X, fv)

Problem: u hides under ¢ (Vip < Vep)

Experimental Solution: kinematic region (phase space) inaccessible to charm
New problem: not sufficiently inclusive, non-perturbative effects: “shape function”

QCD Calculation Phase Space Region

Art heory Gﬁ l)

[Vas|(1077)

Mx < 1.55 Gev 303517 4170152012703
Mx < 1.70 Gev 16157 397x017=014%0%
P, <0.66 GeV 38.3fjjé 4.02£0.18% 0.1618;3§
BLNP Mx <1.70 GeV, ¢° > 8 GeV? 23.843% 4.25+0.19£0.13* 73
Mx - ¢°, p; > 1.0 GeV 62.01% 4.28+0.15% o.1s*_§f;§
pi > 1.0 GeV sz.ot;f;;g 430+ 0,18+ 02103
p: > 1.3 GeV 52.8*7% 4.29 +0.18 £ 0.20* 70
Mx <1.55 GeV 353133 440016 o.12t§;z§
Mx <1.70 GeV 42.0tﬂ 416018 = 0.14‘_’8;33
P, <066 GeV 36.9%3%  4.10£0.19x0.177575
DGE Mx <1.70 GeV, ¢* > 8 GeV? 24.4‘_‘2?, 4.19£0.19= 0.12‘_’§;f;
Mx - ¢*, p; > 1.0 GeV 58.7*3%  4.40+0.16 £0.18*012
p; > l-g g«\:}f 3.7;;? :.;g - - g.lg % g.zoﬁgjig
pz > 1 € -4_3.0 . =0.19=0. :011
Myx <155 GeV 41.ot§;§ 4.08=0.15 = o.ntg;ﬁ
My <1.70 GeV 46.8% 3940170247 °
P, <0.66 Gev 44.0‘:‘%}% 3.75+0.17 % 0.15“53};‘3’
GGOU Mx <170 GeV, ¢* > 8 GeV? 24.7‘_’3;8 4.17+0.18 = 0.12’_’8333
Mx - %, pi > 1.0 GeV 602135  435:0.16=0.18% 5
p: > 1.0 GeV 60.2‘_'3; 3 436 =0.19 = o.23t8; 19
pi > 1.3 GeV 51.872%  4.33+0.18 020701
My <155 GeV 4717557 381004011 "o
Mx <170 GeV 52.3*;;5 3.73£0.16 = 013" 18
P; <0.66 GeV 48.9%7 3.56 +0.16 = 0.15" ;2
ADFR Mx <170 GeV, ¢* > 8 GeV*? 30.9‘§8 3.74£0.16 = 0.11‘8:i§
Mx - ¢, p; > 1.0 GeV 62.0%;0  4.29+0.15=0.18°7 17

p: > 1.0 GeV
p; > 1.3 GeV

4.30 =0.19 = 0.23* 8;};
4.27=0.18 = 0.19%71°

BLNP: Bosch, et al, PRD 72 (2005)073006

DGE: “dressed gluon exponentiation” Andersen,
Gardi, JHEP 0601 (2006)097

ADFR: Aglietti, et al, Eur. Phys. J. C 59(2009)831
GGOU: Gambino, et al, JHEP 0710 (2007)058



4. Total width

Lifetimes, AT, ...

For B decay we cannot smear (integrate) over quark masses

Neither can we compute for “deep euclidean” mass

Maybe duality works if mass is large enough (large number of decay channels)?

Test the idea by applying it to soluble model: QCD in 2-dims at large N. (the ‘t Hooft model)

6 e Spikes from phase space at thresholds
sl e Constant difference between “exact”- perturbative: O(1/Mp)°
4t ['(B) = T(Q)(1 + 0.14/Mj)

1/My rather than 1/Mp? !!

e In toy model: smear over mass
e Lorentzian-power smearing
1

((z = Mg)* + 1)
e Justified by OPE provided n > 2
e Corrections to OPE: order 1/Mp?
, e [ conclude: Cannot trust OPE for total width
o e e unless asymptotically heavy quark




Lesson #2: Expansions must be systematic (justified)

You may want to pull a rabbit out of the hat and ...




Corollary:

Should not use

e Lattice

Sum rules

SCET, QCDfac, pQCD
Quark model
AdS/QCD

on the same footing




BGL: Boyd et al, PLB353 (1995) 306;
. . . Nuovo Cim. A109 (1996) 863;
Precision: strategies 111 NPB 461 (1996) 49(3; :
PRD56 (1997) 6895-6911
. CLN: Caprini et al, PLB380 (1996) 376;
Complementarity NPBS530 (1998) 153
FNAL/MILC: PRDS89 (2014) 114504

Combine methods: Fill gaps in one methods and another W- v
b ¢
q q
Examples:
1. Lattice + z-expansion + data, exclusive semileptonic decays, B — D/lv
m2 —m2
form factors: (D@)IV*|B(p)) = f+(p+p)'+(fo — f+)"2z2¢", q=p—p, f= f(d®)
dl'  G%m? R
rate: T = 41;;723 \Vcb\Q(mB + mD)Qm?b( w? — 1)3(newg(w))2
w T

z-expansion:

f(w)zP(z)Zanz”, Zaigl, z = wil-v2
n=0 n=0

_\/uH—l—l—\/§

Ingredients: Analyticity, crossing symmetry, unitarity

2(z): computable (Blaschke, QCD)

Physical region: 0 <z <0.056

Not just a “parametrization”: n > 2 terms give no more than 1%



Story in pictures:
HPQCD, PRD92 (2015) 054510

14 T T T ! T T T T |
1 13} LS _Suw Do)
1 @ 3
-]
n o 124
—n -
1 JHr
= 3F i
‘Pno
1 o3l
. o
T TR 007 N R —T o;ﬂ 08T
Complementarity!
14 MILC, PRD92 (2015) 034506 ) L A L
1.3 | ' fo oS ——
1.2 . BaBar 2009 - -
§ 1.1 }+ pP= 0.40 — ——
= 1 ¢
e
= 0.9 k. o O this workeBaBar 010
= [ X Fermilab/MILC (exclusive B % D)
S 08 | Fermilab/MILC (exclusive B 0 D*)
: : Inclusive (PRL 114, 061502)
0.7 t S
0.6 1 ’ 1
0.5 bk . . . 0038 T oo s
0 002 004 006 V!
Z
Caveat:

As good as the worst.
eg, MILC uses BGL for fit, else no control of theoretical errors.




2. CP asymmetries in mixing/decay: Penguin pollution revisited

Snn =V 1- ..7(72-[71 sin 2(‘153&, Where (ngf =

Gronau-London PR1L65,3381(1990)

* Isospin analysis combines methods:

® Relations with B — 7*7% and B° — 7%7°
(same for B — pp after resolving polarization)

* Isospin breaking effects are small

Alternative Snyder-Quinn PRD48,2139(1993)

* Time-dependent Dalitz analysis
* BY— z*a 7 contains p*7r, p~x*, pn¥ and
cross terms (interference)

* /2 directly determined, p*z° and p°z* may
improve further (future)

p-value

['(BY) oc 7" (148, sin Amt

+Arr cOS Amit)

I'(BY) « e7t/7 (1-8,1; sin Amt

+Arr cOS Amit)

(¢ + x) is not ¢,

= AB"~=

N v P A —-x'x

Fm. <= B-pp (WA) 3 Combined
Ll A .
£ » v‘: --e H  21%1¢ lv‘i‘P\i —— CK’A 'l[
B —(px)” Dalitz (WA)
‘o LA B LI I L A rrr L e T ’ Al Ty L )
fro I I T RS AR AR RS
08 =
b
06 -
4
q
04 b o -
I' l. :
) L A ]
- -
) % -
L) s .
00 C alaaataanciadin)
0 20 a0 () 80 100 120 140 160 180



Latest

excluded area has CL > 0.95

0.2 7
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Anomalies I

Is there NP 1n Inclusive vs Exclusive semileptonic B decays?

Gambino@ Beauty 2016
e Longstanding tension in exclusive vs inclusive determination ‘ L
Vip| = (39.18 £ 0.99) x 1073 (B — DI7) N Kl
V| = (38.71£0.75) x 1073 (B — D*(D) oV i
Vip| = (42.194+0.78) x 107° (B — X7, kinetic scheme) ..,f‘;;’.‘“- %,-i..—{%:nm“)f
Vep| = (41.98 £0.45) x 1072 (B — X7, 1S scheme) -
e CLN used for exclusives R = Vo

e CLN: Agcp/mg in relations between form factors = uncertainties in |Vep| underestimated

. Bernlochner et al, 1703.05330
e CLNnotagoodfittodatain B— D [v  Bigi+Gambino, PRD 94(2016)094008
e (Can NP accomodate?

e No Crivellin-Pokorski, PRL.114(2015)011802
i Maybe Colangelo-De Fazio, PRD95(2017)011701
e notin SV limit, for any EFT operators Voloshin+Shifman, SINP47('88)511; BGM, PRD54('96)2081; BG unpub

"/cb’incl — ‘Vcb‘(l + 562)
[Veo|p+ = [Veu|(1 + €)
[Ver|p = Ve[ (1 — €)

example: RH currents
with strength €

e s tension from CLN? (Precision!)



AT/Aw x 105 [GeV]

AT/A cosp x 10% [GeV]

e New Belle analysis released Abdesselam et al, (Belle) 1702.01521
e Unfolded data, full correlation matrix
e Large dataset, energy and angular distributions
e CLN: [Ve|=(37.4+1.3)x1073
e Two independent analyses using BGL:
e Very consistent fits:
V| = (41.7 T59) x 1073 Bigi ef al, PLB769 (2017) 441-445
V.| = (41.9 j?:g) % 1073 BG+Kobach, PLB771 (2017) 359-364

e Robust: different numerical inputs

4.0 — 4.0 10
357 |—— CLN 3.5
a0 { Belle data ? 50 [ ]l
2.5 } ;i 2.5

= 6l
2.0 X 90 e \ /

< A
L5 j 15 41 ]
1.0 5 1.0

N/
0.5 0.5
095 11 12 ) 13 14 15 0975 —0.5 ()2;(()}“ 0.5 1.0 %2 34 3‘6 \355/40 42 1
y y Vsl new F(1) [1077]
3.5 3.5
Notes:

3.0 3.0 . . . . .
y 3.0 N Fitted coefficients in ff expansion far from unitary bounds
s F s Use New = 1.0066 Sirlin, NPB196(1982)83

4
10 10 F(1)=0.906+0.013 FNAL/MILC PRD89(2014)114504
0.5 0.5
0015 05 0.0 0.5 o % 1 2 3 1 5 6 20 year tCnSion no more

cos Oy X



Anomalies 1.5

Is there NP in Inclusive vs Exclusive non-charm semileptonic B decays?

Gambino@ Beauty 2016
Again: (EmaN | BB
| FNAL inclusive

«s Vb inclusive

| GGOU (MFAG)
B—D
lO’ Vm, 40 _q"obufﬁt
B—=n _
| ENAL/MILC LJLl
s lutriT(sm)
Ap—p/As— Ac
lO’ V<b

My guess: Systematics in |Vys| from inclusive determination badly underestimated

I already explained why



R(D¥)

Anomalies 11

Is there NP in B decays to 77

“«R v ~ 0S5S———————F——————71— | ]
D) anomaly * N = BaBar, PRL109,101802(2012) ) ]
@ - = Belle, PRD92,072014(2015) Ay =10 1
o 0451 LHCb, PRL115,111803(2015) —
- Belle, arXiv:1603.06711 -
04 - = HFAG Average, P(x?) = 67% 3
[ = SM prediction —
A Br(B — D™ 1) " .
D) = [ -
Br(B — D™v) 035 :
03 =
0.25 R(D) PRD92°054510(2015) HFAG
Excesses observed at more than 40 R PRDe 0810950012
0.2 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1
0.2 0.3 04 0.5 0.6
R(D)
035 F R (:,unm'\nsllvol(l (31 68% (,‘I,:A\zf"z'&? 0.35 T T o " .
- with QCDSR -~~~ - without QCDSR™ZZ---__ ™™ | New: analysis of theory uncertainty
: '\I [ ] \\\\ ( \\\
\ ! I \ ° \ Bernlochner et al, 1703.05330
03 [ \\\ // T 03 [~ \\\ l' b
é -
<
0.25 - @ ——= HFAG (2016) 0.25 + @) B
1 SM (others) L ——= HFAG (2016) ]
3 SM L,—1+SR [ SM (others)
SM NoL+SR 3 SM Ly=—1
[0 SM th:Lys1+SR | SM NoL
3 SM Ly>1+SR 3 SM Ly>1
0.2 0.3 0.4 0.5 0.2 0.3 0.4 05

R(D)

R(D)



NP? Compete with SM-tree level!
Use EFT to characterize any model with heavy mediators:

4C;F Vcb
V2

+er Tou Prvy - co" Prb+ es, TPy, - ¢PrLb+ €5, TPrv, - ¢Prb| + h.c.

Leg = — (1—|—€L)7_"7MPLVT-E’Y’MPLb—I—ERT"yMPLVT-E’}/“PRb

Narrow i1t down:
Alonso et al, PRL118 (2017) 1n0.8, 081802

1
I. SM-EFT:no ex £ = = (C0QL, + COQE, + CQL + CreanQreas

A2
Ql(elgu :(EQR)@LUR) + h.c. Ql(f;u :(gffp,ueR)(@La“”uR) + h.c.
Qz(zz) =(@™"qr) - (UTyul1) Qredq =(lrer)(drq)+h.c. o
2. B.width: no €p = €5, — €5,
J,

Vector-current chirally suppressed by (m:/my)?
(as in m—>uv) relative to scalar operator

Pseudoscalar needed for R (-) anomaly
overwhelms total width

3. Angular distribution: constrains €r

To me: this suggests €, i.e., V-A




BABAR (ST)
BABAR (HT)
Belle (ST)
Belle (HT)

LHCb

Anomalies I1.5

Is there NP in B decay to tv?

BB — 1V, [10]

R(D)

R(D¥)

Since WIN 2015, new Belle measurements have made significance go away.

Plot from Ciezarek,et al, Nature 546 (2017) 227-233
L e 4 17:08 | I R
h—e—n 1837 HH—e—H 0.440 + 0.072 He—H 0332 x0.030
H{-e—H 1.25 = 0.39 e 0.302 = 0.032
e 0.72 % ——e—+— 0.375 = 0.069 p—e—1— 0.293 = 0.041
H——H 0336 = 0.040
023 T 03 04 05 06 07 03 04 05




... Which i1s really interesting! because:

not only effects of (putative) NP differentiate tau’s from electrons and muons
it differentiates between charm and up

And 1n both cases in the direction of amplifying effects for heavier fermions.

If so:

e The NP is tied to flavor!!
e Amplification ~ mass?

Smells like MFV+MLFV

(Minimal Flavor Violation + Minimal Lepton Flavor Violation)
e Scale of NP cannot be arbitrarily high; naively:

1 Ve
P Z 0.4 x ’(}2

= A< 2TeV



Anomalies IIT -
Is there NP in B decays to KOutu? . .

Br(B — K*uu) (RE+)[0.045,1.1] = 0.6607 g70 (Stat) £ 0.024(syst)

R =

Br(B — K*ee) (Ric+)1.1,6) = 0.6851 ) 56o (stat) £ 0.047(syst)
Br(B — Kpuu)
Ri = _ +0.090
K= BiB > Kee) . (Ri)p1,6) = 0.7457 ) g7, (stat) £ 0.036(syst) — LHCb PRL113(2014)151601

Bobeth et al, PRL112(2014)101801

CMS and LHCb (LHC run Iy arXiv: 1411.4413
& 16 = 7 T T T T T T T T T T T T T T T T —
% 14 - —4— Data = SM
= - — Signal and background . P
% uf S E B,, =3.65(23) x 1077
§ 10 [ -+ = Combinatorial bkg. . M
é E Semi!eptonic bkg. —expt _9
= — — Peaking bkg. —] _
5 o F B,, =29(7)x10
ﬂ' | J’ I
RAEER 1




bR W s[_ bn SL
-— off € . . pv
“ﬁ?t/ ?/ Liv= 52GrVaViimyCrOr, Or =500k F
Y Y
b w s b, ¢ s b, t s

L L L L ” Q B _
N\ +GF Vs Vi — Co10) Og(10), Oo(10y = S50y"br £yu(7s)!
- - 41

(Reference: in SM Cg ~ —C1g ~ 4.5)

NP: SM-EFT plus constraints from B, — pup = no scalar or tensor operators — Alonso, ef al, PRL113(2014)241802

Left with vector operators: Cy(10) — Co(10) + 0Cy(10) ; additionally
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’ e These are §C; = CNP
e Arrows: increasing 6C
e Dots: intervals of A(6C)=0.5

e Central Value (Rx, Rx*) on blue line

e e Not (9, C'10, i.e., not V+A

e As with tau anomalies; V-A !!




Capdevila, et al, 1704.05340
Altmannshofer, ef al, 1704.05435

. D'Amico, et al, 1704.05438
Fit to (Rk, Rk~) Hiller, ef al, 1704.05444

Ciuchini, ef al, 1704.05447
Celis, et al, 1704.05672
R, Li-Sheng Geng, et al, 1704.05446

Fit to (Rk, Rx*) plus
Bs — pp

Dirty observables, mostly from angular distribution in B — K™ uu (e.g., P's), had already
suggested §Co = —1. So combine all b — s observables:

The shape of NP:
An attractive scenario

0Cy = —0C19 = —0.5
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NP Models?

Large and growing literature. Approaches for » — s anomalies:

e Long distance, lighter than EW Sala+Straub, 1704.06188; Bishara et al, 1705.03465
e Non-decoupling, EW scale
e SM-EFT analysis does not necessarily apply

® LOOp mediators Arnan et al, 1608.07832; Gripaios et al, JHEP1606(2016)083; Kamenik et al, 1704.06005
e Composites, partial composites e.g., Gripaios et al, JHEP1505(2015)006

e Short distance (l’IlOSt popular) unapologetic avoidance of references
o /"

e LUV: couple (typically) to L,— Lz, strength g,

e FCNC: non-diag coupling to sb, strength gs; Bs-mixing = gp/Mz < 5 x1072 TeV-!
e B-anomalies: g, /Mz > 1/(3.7 TeV), or Mz <13 TeV for g, < V(41)

e Need to address LFV (e.g., u—ey) and other quark FCNC

e Leptoquarks
e Scalars: no SU(3)-triplet, SU(2),-singlet (Y =7/6, 1/6, —1/3,—4/3) works
(either 6Cy = +3C1g or give Cy(y() )
e Scalars: Unique SU(2)w-triplet (SU(3)-triplet), ¥ =—1/3, gives right pattern
e Vectors: SU(3).-triplets, SU(2).-singlets with Y = 5/6, —1/6,—5/3, don’t work either
e Vectors: both SU(2)w singlet and triplet (color triplets) with ¥ = 2/3 give right pattern
e Some short distance models address also tau anomalies

Is quark and lepton flavor fundamental to the NP?
*  No, small numbers look fine tuned just as in CKM model
* Yes, this 1s a window to flavodynamics, e.g., gauged flavor Crivellin et al, PRD91(2015)075006



No need for conclusions

The End



